Bacilus cereus SM3 was isolated on a mineral salts medium with Tween 80 as the primary carbon source. It was able to hydrolyze second-and third-generation pyrethroids, thereby generating noninsecticidal products. The enzyme responsible for this hydrolytic reaction was named permethrinase for this study. This is the first instance in which pyrethroid detoxification has been achieved with a cell-free microbial enzyme system. Permethrinase was purified by ion-exchange chromatography and gel filtration chromatography. The molecular mass of native permethrinase was 61 3 kDa, as estimated by Sephadex G-100 gel filtration. This novel microbial esterase seems to be a carboxylesterase. Permethrinase activity had an optimum pH of 7.5 and a temperature optimum of 37°C. No cofactors or coenzymes were required for permethrinase activity. The enzyme may be a serine esterase, as it seems to be sensitive to the organophosphorus compound tetraethylpyrophosphate at concentrations in the micromolar range. Addition of dithiothreitol afforded permethrinase protection against the inhibitory effects of the sulfydryl agentsp-chloromercuribenzoate and N-ethylmaleimide. The enzyme was stable over a range of temperatures. Cell extracts of strain SM3 also contained another esterase, which was active towards 13-naphthylacetate, but this enzyme was distinct from permethrinase.
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Synthetic pyrethroids are an economically important group of insecticides used to control agricultural pests and arthropods of medical and veterinary importance (23, 27) . Pyrethroids have been developed over the last decade to replace some of the more toxic and environmentally persistent organochlorine compounds (9, 23) . Despite some environmental deficiencies and toxic effects against a number of nontarget organisms, such as fish and bees (18, 44) , there is nothing to suggest that the importance and use of pyrethroid insecticides is likely to decline in the foreseeable future.
Primarily for toxicity assessment and to satisfy requirements for commercial registration, numerous studies on the metabolism of pyrethroids and their transformation products were made during the late 1970s and early 1980s (see the review by Miyamoto [29] ). However, few reports exist on microbially mediated pyrethroid degradation, in particular, by pure cultures (20, 24, 36) . As a consequence, with the exception of a patent application by Chiaki et al. (5) , which described the isolation of Bacillus sp. strain DC-1 (a soil isolate) and both the purification and characterization of its esterase (a 54-kDa single-chain peptide), which catalyzed the hydrolytic cleavage of a permethrin analog [the p-nitrophenyl ester of 2,2-dimethyl-3-(2,2-dichlorovinyl)cyclopropanecarboxylic acid], the enzymic activities of microorganisms in pyrethroid hydrolysis have not been reported.
In a previous study (25) , Bacillus cereus SM3 was shown to hydrolyze a number of pyrethroids while using Tween 80 as the main carbon source. The data obtained with whole cells were consistent with an initial hydrolytic reaction in culture. In the present study, cell extracts of strain SM3 were prepared and the novel esterase that acts on pyrethroid insecticides was purified and characterized. * Corresponding author.
MATERIALS AND METHODS
Chemicals, pyrethroids, and media. The chemicals and media used have been previously described (26) . All of the pyrethroids and their transformation products were routinely identified and quantified by high-pressure liquid chromatography (HPLC), and their identities were confirmed by gas chromatography-mass spectrometry (25) .
The half-life of a given pyrethroid in microbial culture or the percent hydrolysis in the assay was calculated from an average of the time taken to halve the initial concentration of the parent compound and the time taken to produce half of the stoichiometric quantity of a metabolic product, e.g., trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane carboxylate (trans-DCVCA), by hydrolysis of the parent compound incorporated in the culture medium. The concentrations of these compounds were determined by HPLC.
Culture conditions. Bacillus cereus SM3 was routinely grown in Erlenmeyer flasks (250 ml and 2 liters) containing mineral salts medium (100 and 700 ml, respectively) with permethrin (52 and 130 ,uM) as a solution in hexane (2 to 5 ml liter-' of culture fluid) and Tween 80 (380 to 3,800 ,uM (ii) Gel filtration on Sephadex G-25M. Samples (2.5 ml) after centrifugation, or of the pooled fractions containing esterase eluted after ion-exchange chromatography, containing 20 to 30 mg of protein ml-', were desalted on a Sephadex G-25 M column (2.0 by 5.0 cm; PD-10; Pharmacia, Ltd., Hounslow, Middlesex, United Kingdom).
(iii) QAE-Sepharose ion-exchange chromatography. Aliquots (5 ml) of the esterase were applied to an ion-exchange column (1.0 by 4.0 cm; fast-flow quaternary aminoethyl [QAE]-Sepharose; Sigma Chemical Co. Ltd.), previously equilibrated in 20 mM Tris-HCl buffer (pH 8.0), at 4°C. The esterase was eluted with a linear concentration gradient, 100 ml of buffered potassium chloride (0 to 0.5 M), at a flow rate of 20 ml h-'. Fractions (2.5 ml) were collected and assayed for esterase activity and protein as described above.
(iv) CM-Sepharose. After ion-exchange chromatography on QAE-Sepharose and desalting on Sephadex G-25M, aliquots (5 ml) of the esterase-active fraction were applied to a carboxymethyl (CM)-Sepharose ion-exchange column (1.0 by 4.0 cm; fast-flow CM-Sepharose CL-6B; Pharmacia Ltd.), previously equilibrated in 10 mM sodium acetate buffer (pH 6.0), at 4°C. The esterase was eluted with a linear concentration gradient, 100 ml of buffered sodium chloride (0 to 0.5 M), at a flow rate of 20 ml h-1. Fractions were collected and assayed as described above.
(v) Ultrogel AcA44 gel filtration. Esterase-active fractions obtained after ion-exchange chromatography were subjected to gel filtration on an Ultrogel AcA44 fine-grade column (2.0 by 55 cm; IBF Biotechnics, Villeneuve-la-Garenne, France). Samples (5 ml) were loaded onto the column in 100 mM Tris-HCl buffer, pH 7.5, and eluted with the same buffer at a flow rate of 6 ml h-1 at 4°C.
Fractions (2.5 ml) were collected and assayed for esterase activity as described above. The column was calibrated with a mixture of copper glycinate (for Vi) and blue dextran 2000 (for VO) and with a series of protein standards (RNase A, chymotrypsinogen A, ovalbumin, bovine serum albumin, and aldolase [13.7 to 158 kDa; Pharmacia AB, Uppsala, Sweden]).
(vi) Sephadex G-100 gel filtration. Esterase-active fractions obtained after ion-exchange chromatography were also subjected to gel filtration with a fine-grade Sephadex G-100 column (2.0 by 55 cm; Pharmacia, Ltd.). Samples (5 ml) were loaded onto the column in 100 mM Tris-HCl buffer, pH 7.5, and eluted with the same buffer at a flow rate of 6 ml h'-at 4°C. Fractions (2.5 ml) were collected and assayed for esterase activity as described above. The column was also calibrated with molecular weight markers as described above.
(vii) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Estimates of the molecular weights of proteins obtained after sequential purification on ion-exchange and gel filtration columns were made by SDS-PAGE with an LKB 2001 vertical electrophoresis system (Pharmacia LKB Biotechnology, Milton Keynes, Buckinghamshire, United Kingdom). Vertical 10% slab gels (180 by 160 by 3 mm) were prepared by the method of Laemmli (22) .
Protein standards. The protein standards used (Pharmacia AB) were phosphorylase b (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20 kDa), and a-lactalbumin (14.4 kDa).
Gels containing samples of solubilized protein (20) aAssays were performed in 100 mM potassium phosphate buffer (2 ml) at pH 7.5 containing, on average, 1.0 to 1.5 mg of soluble protein ml-' and each pyrethroid at a final concentration of 10 mg-liter1' in 0.02 ml of methanol.
The data shown are averages of three experiments with a standard deviation of 10 to 15% between replicates.
mean, and n = number of samples. The results in this study represent the average of at least three experiments with a standard deviation of 10 to 15% obtained between replicates per experiment.
RESULTS
Pure cultures and cell extracts of B. cereus SM3 were able to catalyze the hydrolytic cleavage of all of the second-and third-generation pyrethroids tested in this study (Table 1) . Of the two isomers of permethrin, the trans form was consistently hydrolyzed three times faster than the cis form. Flumethrin was the least readily hydrolyzed, and permethrin was the most susceptible.
Along with the pyrethroids, a number of chromogenic substrates were also readily hydrolyzed by the crude cell extract of B. cereus SM3 (i.e., there was >80% conversion) under standard assay conditions (data not shown). These substrates included p-nitrophenylbutyrate, phenylacetate, and 3-naphthylacetate. A rapid assay which measured ,B-naphthol production during ,3-naphthylacetate hydrolysis was developed and routinely used, in addition to the standard assay for permethrinase, to determine esterase activity during B. cereus SM3 cell extract purification.
Purification of B. cereus SM3 permethrinase. The strongly basic QAE-Sepharose anion-exchange column proved to be a suitable preparative column for initial purification of permethrinase (Fig. 1 ). Permethrinase and ,B-naphthylacetate esterases, although overlapping, seem to elute as distinct enzymes with a linear salt gradient.
Permethrinase and P-naphthylacetate esterase were coeluted from CM-Sepharose (the cation exchanger) only after the salt gradient was applied; another P-naphthylacetate esterase was eluted in the initial sodium acetate wash (data not shown).
Two major esterase peaks were obtained after gel filtration on Sephadex G-100 (Fig. 2): obtained after gel filtration on AcA44 with P-naphthylacetate esterase with a molecular mass of 72 + 3 kDa and permethrinase with a molecular mass of 61 + 3 kDa (data not shown). SDS-PAGE produced major protein bands with a molecular mass of 16 + 5 kDa for the permethrinase peak eluted from Sephadex G-100, while the higher-molecular-mass (60-to 61-kDa) proteins were not detected (Fig. 3) .
A summary of the purification procedure for B. cereus SM3 permethrinase is shown in Table 2 .
Characterization of B. cereus SM3 permethrinase. Optimal permethrinase activity was obtained with potassium phosphate buffer (100 mM) at pH 7.5. Permethrinase remained active over a 20 to 50°C temperature range. Maximal activity in the standard assay mixture was obtained at 37°C. The esterase retained over 80% of its activity during the 8-h incubation period at 37°C.
Inclusion of Zn2+, Fe2+, or Cu2+ (all at 1.0 mM) in the reaction mixture had no effect on esterase activity. The activity was also unaffected by EDTA (1 and 10 mM) but was reduced 19 and 27% by 1 and 2 mM, respectively, 1,10-phenanthroline. Inclusion of the sulfhydryl agent p-chloromercuribenzoate in the assay mixture at a final concentration of 0.1 mM had no effect on esterase activity, but the compound was inhibitory above this concentration (25% at 0.5 mM). N-Ethylmaleimide had no effect on esterase activity at a final concentration of 0.2 mM, but at higher concentrations increasing inhibition was shown (15% inhibition at 
DISCUSSION
All of the pyrethroids used in this study were hydrolytically cleaved by cell extracts of B. cereus SM3. The best activity was achieved after freeze-pressing of the cells.
The esterases involved in detoxification of pyrethroids may be nonspecific carboxylesterases, but they seem to be highly stereospecific (38) . Substitution of an a-cyano group for a hydrogen atom on the methylene carbon of the 3-phenoxybenzyl alcohol moiety (Fig. 4) causes a relative reduction in the rate of hydrolysis (4, 8, 15, 39) , due to either steric hindrance of hydrolysis or stabilization of the ester bond. Replacement of the chlorovinyl group of the pyrethroids with bromovinyl also affected the rate of hydrolysis by cell extracts of B. cereus SM3 (Fig. 4) . Permethrin was more readily transformed than deltamethrin, in agreement with findings for the esterase associated with mammalian microsomal fractions (3, 28, 37, 39) . Those investigators found that esteratic cleavage was enhanced by chloro and fluoro substitutions but retarded by bromo groups. As observed with pure cultures, third-generation pyrethroids were generally less easily hydrolyzed by cell extracts of strain SM3 than were second-generation pyrethroids. Of the former group, cyfluthrin was the most rapidly hydrolyzed, while flumethrin was the least readily attacked (Fig. 4) . This is the only report of the transformation of any of these third-generation pyrethroids by microorganisms, either in pure culture or by cell extracts.
All of the more water-soluble chromogenic substrates were readily hydrolyzed by the B. cereus SM3 cell extract.
3-Naphthylacetate, in particular, proved to be a good substrate, providing a rapid and sensitive assay for nonspecific esterase activity in crude extract. However, during purification of permethrinase from the crude extract it became evident that more than one such esterase was present and that trans-permethrin hydrolysis was in fact catalyzed by an esterase that was distinct from 3-naphthylacetate esterase. of correlation between trans-permethrin and 3-naphthylacetate hydrolysis was also observed by Dowd and Sparks (7), who worked on insect pyrethroid-hydrolyzing enzymes.
The molecular mass data suggest that the permethrinase is a tetrameric protein. A tetrameric or dimeric structure is more likely than a trimer, because few enzymes which contain an odd number of subunits are known (6) . There has, however, been a recent report of a mammalian trimeric esterase (41) .
Nonspecific esterases generally demonstrate a high degree of stability (1, 13 (30) .
In the present study, a preliminary investigation of the inhibitors TEPP, PMSF, sodium fluoride, and sodium deoxycholate was made. TEPP appeared to be the most inhibitory to the pyrethroid-hydrolyzing activity of cell extracts of B. cereus SM3, followed by PMSF, while sodium fluoride and sodium taurochlorate were the least effective.
These inhibitors have been used in previous studies to assist in the characterization of pyrethroid-hydrolyzing enzymes (5, 37, 38) and other esterases (31, 43 (14) . Previous studies of permethrinases have employed either pyrethroid concentrations in the nanomolar range (38, 39) or a solubilizer, such as dimethyl sulfoxide (36, 40) , bovine serum albumin, (14) or Triton X-100 (33), to enhance solubility. A preliminary evaluation of dispersants, such as dimethyl sulfoxide, bovine serum albumin, and water-immiscible solvents, such as n-hexadecane (yielding a two-phase liquid system), to improve the specific activity of B. cereus SM3 permethrinase was unsuccessful (data not shown). Another problem may be the fact that low catalytic constants for xenobiotics are fairly typical, which for pyrethroids may be due in part to their poor water solubility, and thus low levels of activity obtained with this type of substrate would not be unusual.
In the present investigation, since a radiolabelled substrate was not available, it was necessary to employ a range of substrate concentrations that suited the analytical techniques available for detection of the product. Unfortunately, HPLC is not as sensitive as a radiochemical assay, and because of the poor water solubility and low levels of activity the reactions were allowed to proceed well in excess of the nominal utilization of 10% of the substrate normally allowed. Kinetic problems associated with the low specific activity of the esterase, together with limitations in assay techniques, as described above, some of which arose from the low aqueous solubility of synthetic pyrethroids, were described by Riddles et al. (33) , who, like Chiaki et al. (5) and Wallace et al. (42) , used more water-soluble pyrethroid analogs, such as p-nitrophenyl-DCVCA and ,-naphthyl-DBVCA, or the water-soluble substrate p-nitrophenylbutyrate (32) (as alternative substrates) to avoid some of these problems. No proof, however, was given that the enzyme acting on these analogs could also act on the pyrethroid, as discussed earlier.
An investigation of pyrethroid detoxification using a novel cell-free microbial enzyme system has been done. This enzyme was capable of hydrolyzing agriculturally important insecticides, i.e., pyrethroids. Preliminary studies on the purification and characterization of the enzyme suggest that the hydrolytic enzyme is a carboxylesterase which is distinct from another esterase present in the cell extracts of the bacterial isolate.
Hydrolases are prime candidates for industrial applications precisely because they are stable and do not require cofactors (17) . The novel B. cereus SM3 permethrinase could conceivably be developed to fulfill all of these requirements to enable its use in situ for detoxification of pyrethroids where they cause environmental problems, for example, in the degradation of commonly used pyrethroid moth-proofing agents found in the effluent from carpet and wool processing industries.
